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Abstract

The inelastic scattering of 40Ar on 58Ni has been studied at 44 MeV per nucleon incident energy in coincidence with light
particle emission. Besides the well known mechanisms of inelastic excitation, pick up break up and nucleon knock out, a
new phenomenon has been observed, giving rise to fast forward moving particles with specific angular correlations. This
newly observed mechanism seems to be a generic phenomenon present for various projectile-target combinations and
incident energies. Its contribution to the inelastic spectrum has been extracted and a tentative interpretation is given. q 1998
Elsevier Science B.V. All rights reserved.

PACS: 25.70.Bc; 25.70.Hi; 25.70.Pq; 24.10.-i

Inelastic scattering of heavy ions has been exten-
sively used to study nuclear structure. In particular,
the excitation and decay of giant resonances and
multiphonon states has been investigated to infer

w xinformation on their microscopic nature 1 . In addi-
tion to collective excitations of the target, the decay
of which gives rise to isotropically emitted low
energy particles, two other processes are known to

1 Experiment performed at the GANIL national facility, Caen,
France.

contribute to the inclusive inelastic scattering spec-
trum: nucleon knock-out and pick-up break-up. At
incident energies around 50 MeV per nucleon, these
different reactions can be well separated by measur-
ing light charged particles in coincidence with the

w xinelastically scattered projectiles 2 . The quasi elas-
tic knock out process gives rise to particles emitted
around the direction of the recoiling target nucleus.
This mechanism, known to be a major contribution
to inelastic scattering of protons and a-particles, has
been seen to persist in heavy ion induced scattering,
but the shape and the strength of its contribution to
the ejectile energy spectrum has not been quantita-

0370-2693r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII: S0370-2693 98 00437-7
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tively extracted so far. The pick-up break-up mecha-
w xnism, described in Ref. 3 , is a two step process.

The projectile picks up a nucleon from the target,
leaving it in a 1-hole configuration, and then breaks
up by emitting one nucleon, thus feeding the inelas-
tic channel. The velocity of the emitted nucleon is
boosted by the projectile velocity, leading to the
emission of the nucleon in a narrow cone around the
direction of the scattered projectile, which is in our
case detected at angles smaller than 5 degrees. The
opening angle of this cone is approximately 30 de-
grees in the case of proton emission from a mass 40

w xprojectile at 50 MeV per nucleon 2 , and is expected
to be smaller in the case of neutron emission due to
the absence of the Coulomb barrier. In the ejectile
energy spectrum, this process gives rise to an ap-
proximately flat shaped contribution over an excita-
tion energy interval centered slightly above the bom-
barding energy per nucleon and with a width deter-
mined by the specific decay characteristics of the

w xsystem 3 .
During the course of systematic studies of heavy

w xion inelastic scattering 4–6 , it was found that in
addition to the three processes alluded to above,
there is a fourth mechanism occurring as a result of
the collision process. This new process gives rise to
particles emitted in the forward hemisphere exhibit-
ing very specific angular correlations. However, in
these previous experiments, the angular coverage for
light particles was not optimized for the study of this
mechanism. To enhance our understanding of the
inelastic channel in heavy ion reactions, a detailed
study of this process is called for.

58 Ž40 40 .We report here on the Ni Ar, Ar q n or p
inelastic scattering reaction performed at 44 MeV
per nucleon, in which the particle decay to the

Ž .ground state GS and the low-lying excited states of
the daughter nucleus exhibits an anomalous be-
haviour. We find that the most energetic decay parti-
cles are focused in a narrow cone in a direction
which is not compatible with any of the known
reaction mechanisms described above. In-plane and
out-of-plane angular correlations between the 40Ar
ejectile and the emitted particles will be presented in
order to characterize the new mechanism, named
‘‘towing mode’’. Its contribution to the inclusive
inelastic spectrum will be extracted and an interpre-
tation will be suggested.

The experiment was performed at the GANIL
facility by bombarding a 1 mgrcm2 58 Ni target with
the 44 MeV per nucleon 40Ar beam. Protons were

Ž .detected in 28 cesium iodide CsI elements of the
w xmultidetector array PACHA 7 . Most of these detec-

tors were located on two rings centered on the target
at a distance of 12 cm. The detectors were placed out
of the horizontal plane at out of plane angles of
y308 and y508. Unambiguous identification of pro-
tons was obtained through shape analysis of the CsI
pulse. The energy resolution was 2% above 20 MeV
and around 6% for protons of energy less than 10
MeV.

Neutrons were detected with the liquid scintillator
w xarray EDEN 8 consisting of 45 modules positioned

at about 1.75 meters from the target at angles run-
ning from 358 to 2908. In-plane angles are counted
clockwise, 08 corresponding to the beam direction.
The neutron identification was performed through a
pulse shape analysis and the energy was obtained by
a time of flight measurement that yielded an energy
resolution of about 500 keV for 6 MeV neutrons and
2 MeV for 16 MeV neutrons. All the data in coinci-
dence with neutrons were corrected for the detection

w xefficiency according to Ref. 8 .
The ejectiles were detected with the SPEG spec-

w xtrometer 9 centered at Q s 38 and equippedlab

with its standard detection system, consisting of two
position sensitive drift chambers, an ionization
chamber and a plastic scintillator. Both the horizon-
tal and vertical opening angles are " 28. An unam-
biguous identification of the ejectile was obtained
from an energy loss measurement in the ionization
chamber combined with a time of flight measure-
ment which yielded the charge and the mass over
atomic charge ratio of the ejectile, respectively. Dur-
ing the analysis a software gate was set on 40Ar to
select the inelastic channel. Using the momentum
and the scattering angle of the ejectile deduced from
the reconstructed trajectory and applying two body
kinematics, we calculate for each event an ‘‘ap-
parent’’ excitation energy E). This energy corre-
sponds to the total deposited energy in the case of
inelastic excitation of the target. The energy resolu-
tion obtained was 800 keV. The missing energy is
calculated as follows: E sE) yE yE wheremiss p rec

E and E are the kinetic energies of the detectedp rec

particle and of the recoiling nucleus respectively. In
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the case where only one light particle is emitted in
the reaction, the missing energy is related to the final
state energy of the target nucleus E by E sf s f s

E qQ, where Q is the reaction Q-value.miss

Fig. 1 shows the missing energy spectra obtained
Ž . Ž .for proton a and c and neutron b and d decay

respectively, for excitation energies above 30 MeV
and for two groups of detectors, one at backward
angles in the laboratory frame and the other one in
the forward direction, on the same side of the beam
as the ejectile as sketched on the figure. For both
detector groups, a large bump around 30 MeV is
observed which corresponds to the decay of the

Ž .target. At forward angles between 308 and 858 an
important additional contribution feeding the GS and
the first excited states of the daughter nuclei is
present.

In order to study the angular correlations of decay
particles populating the low-lying states of these
nuclei, a 4 MeV wide gate was set on missing
energies around the GS of the daughter nuclei, 12
MeV and 9 MeV for 57 Ni and 57Co respectively, as
shown on Fig. 1. These correlations are presented on
Fig. 2 for the full acceptance of the spectrometer.
The neutron angles are shown in the laboratory
system. Most of the proton detectors are located
out-of-plane and we have chosen to plot the proton
angular distributions as a function of the angle in the
horizontal plane. The correlations are plotted for

Žapparent excitation energies between 12 MeV 16
.MeV for protons and 80 MeV. Besides an almost

isotropic component which could result from the
decay of the target, a very strong peak is observed
around q408 on the same side of the beam as the
ejectile. A fit, including a flat background and a
Gaussian, has been performed. The amplitude of the
Gaussian peak is much larger for neutrons than for
protons. It is located at angles larger than what is
expected for pick up break up reactions and on the
opposite side of the beam from knocked out nucle-
ons. In the proton angular correlation we also ob-
serve, located around y608 on the opposite side of
the beam from the ejectile, the recoil protons coming
from the elastic scattering from the hydrogen con-
tained in the target, and possibly also from a contri-
bution of the knock-out process.

Further insight into the emission mechanism of
the particles can be given by azimuthal angular
correlations. Such correlations could be extracted as
the ejectile was detected at azimuthal angles located
between F spher s"508, where F spher s0 is taken ineject

the horizontal plane on the right side of the beam
where the ejectile is detected. Most proton detectors
were positioned outside of the horizontal plane,
F spher around y378 for detectors on the right side ofprot

the beam and F spher around y1438 for detectors onprot
Ž .the left side of the beam. Fig. 3 a presents the

spherical angles of ejectiles, F spher and Q spher , ineject eject

ŽŽ . Ž .. ŽŽ . Ž ..Fig. 1. Missing energy spectra for excitation energies above 30 MeV for forward a and b and backward c and d emitted particles.
The missing energy spectra in coincidence with neutrons were corrected for the neutron detection efficiency. For each particle type, the two
spectra are normalized to the same detector solid angle. The right side of the figure shows a sketch of the ejectile velocity after scattering,
the emitted particle velocity and the velocity of the undetected recoiling target. Dashed vertical lines represent the gates as set for the
angular correlations presented in Fig. 2.
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ŽFig. 2. Neutron and proton angular correlations for particles feeding the GS of the daughter nucleus between 7 and 11 MeV in the missing
Ž ..energy spectrum for the protons and 10 and 14 MeV for the neutrons see Fig. 1 and for apparent excitation energies below 80 MeV. The

dashed lines are the result of a fit with a Gaussian peak plus a constant background. The characteristics of the Gaussian are reported.

coincidence with backward emitted protons coming
from the target decay. The shape of this scatterplot
simply reflects the square entrance of the SPEG
spectrometer located on the right side of the beam.
Even though the protons were detected out of the
horizontal plane, the azimuthal angular distribution is
symmetric around F spher s0 demonstrating that thereeject

is no correlation between the particles arising from
the target decay and the direction of the scattered

Ž .projectile. Fig. 3 b shows the same two-dimensional
spectrum for ejectiles in coincidence with protons

stemming from the elastic scattering on the hydrogen
contaminent in the target. As the proton is detected

spher spher Žaround Q s 568 and F sy1438 on theprot prot
.left side of the beam , the ejectile is observed around

F spher sq378 as expected for a binary reaction. Theeject
Ž .insert of Fig. 3 b schematically depicts the velocity

Ž .of the elastically scattered ejectile full dot and of
Ž .the emitted proton open dot in the plane perpendic-

Ž . Ž .ular to the beam velocity crossed circle . Fig. 3 c
shows the scatterplot of ejectiles in coincidence with
protons feeding the GS and the first excited states of

Ž spher spher . Ž .Fig. 3. Angular distribution F and Q for the ejectile in coincidence with backward emitted protons a , protons coming for theeject eject
Ž . 57 spher spher Ž .scattering on the hydrogen of the target b and protons feeding the GS of Co and emitted around Q s408 and F sy438 c .prot prot

Ž . Ž . Ž . Ž .Inserts of panels b and c schematically depict the velocities of the ejectile full dot and of the proton open dot in the plane
Ž . Ž . Ž .perpendicular to the beam axis represented as a crossed circle , for the elastic scattering b and for the new mechanism c .
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Ž57 .the daughter nucleus Co and emitted around
Q spher s 458 and F spher sy438, corresponding toprot prot

Ž .the mechanism of interest. Contrary to Fig. 3 a , a
strong correlation between the proton and the ejectile
azimuthal angles is observed. However here, the
ejectile and the proton are both detected below the
horizontzal plane, at about the same azimuthal angle,
F spher sy438, as schematically summarized in theeject

insert.
These strong correlations, both in-plane and out-

of-plane, between the particle and the ejectile veloci-
ties, combined with the information that the particle
energies are on the average close to half of the beam
energy per nucleon, suggest an interpretation of the
particle emission mechanism in terms of an aborted
pick-up. It seems that the particle is extracted from
the target and towed along for a short while by the
ejectile. Therefore we name this mechanism ‘‘Tow-
ing Mode’’.

The contribution of this mechanism to the inclu-
sive inelastic spectrum can be extracted by compar-
ing the inelastic spectra in coincidence with forward

Ž .emitted particles between q358 and q708 , where
the contribution from towing mode particles is pre-
sent, with the one in coincidence with backward

Ž .emitted particles between q1208 and q1708 , which
stem solely from target decay, with no cut on the
ejectile angle. The extracted contribution, shown on
Fig. 4, is peaked at an apparent excitation energy of
about 30 MeV for both neutrons and protons and
extends as far as 80 MeV. It is interesting to note
that the neutron contribution is an order of magni-
tude larger than the proton contribution. This could
be due to the structure of 58 Ni composed of two
valence neutrons around the closed shell 56 Ni core or
to the Coulomb barrier.

A tentative normalization to the inclusive inelastic
spectrum has been performed as follows. The angu-
lar correlations were extracted with no constraint on
the excitation energy nor on the missing energy.
They were then fitted by a Gaussian plus a constant
background, and the Gaussian curves were integrated
assuming an azimuthal angle running between "508

which corresponds to the azimuthal opening angle of
the spectrometer, giving the total number of counts

Žfor the mechanism this is based on the assumption
that the projectile and the emitted particle have the

.same azimuthal angle . Fig. 4 shows the inclusive

Ž .Fig. 4. Inclusive inelastic spectrum top displayed together with
Ž .the contribution of the new mechanism plain and dashed lines .

Dotted spectrum is the contribution of the excitation of the target.

Ž .inelastic spectrum top as well as the extracted
contribution for the new mechanism, for both neu-

Ž . Ž .tron solid line and proton dashed line emission.
The shape of the spectrum reflects the kinetic energy
distribution of the light emitted particles. Also shown
is the inelastic spectrum in coincidence with back-
ward emission of neutrons or protons normalized to

Ž4p that reflects the excitation of the target open dot
.spectrum . Above 40 MeV the contribution of the

new mechanism is of the same order of magnitude as
that of target excitation. In the reaction studied, it
contributes for about 20% of the total inelastic cross
section in the excitation energy region of 20 to 100
MeV. The additional strength observed in the inclu-
sive spectrum must be mainly due to the pick-up

w xbreak-up mechanism 10 .
This experiment shows that in this new process

Žthe target nucleus is left in a 1-hole state cf. missing
.energy spectra, Fig. 1 , just as in the pick-up break-up

and the knock-out processes. However the trans-
ferred nucleon does not form a short-lived unbound
system with the projectile and thus is not fully
boosted to the projectile velocity. The angular corre-

Ž .lations Fig. 2 and Fig. 3 show that the direction of
the particle is strongly correlated to that of the
ejectile but does not correspond to what is expected
either for the pick-up break-up process or for the
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knock-out process. The ‘‘Towing Mode’’, seems to
be a general phenomenon in heavy ion scattering
since a similar component of fast forward moving
particles has been observed in many other inelastic

208 Ž17 17 . w xscattering experiments , Pb O, O q n 5 ,
40 Ž40 40 . w x 48 Ž20 20 .Ca Ca, Ca q p 4 , Ca Ne, Ne q n
w x 90,94 Ž36 36 . w x11 , Zr Ar, Ar q n 6 at incident energies
between 40 and 84 MeV per nucleon. Even at inci-
dent energies as high as 400 MeV per nucleon, fast
forward moving neutrons were observed in the reac-

nat Ž17 17 . w xtion Xe O, O’ q n 12 . The authors of Ref.
w x12 interpreted this fast component as knock-out of
neutrons in the far-out region of the nucleus, i.e. in
the nuclear stratosphere. However, the out-of-plane
correlation measured in our experiment tells us that
the fast particles that we observe are not coming
from a knock-out process since it would then resem-
ble the elastic scattering azimuthal correlation, hence
completely opposite to what we observe.

To investigate if a model can qualitatively explain
our observations, a calculation has been performed to
infer the evolution of a particle wave function when
two potentials brush past eack other. The time de-
pendent Schrodinger equation was solved in a two¨
dimentional space using Wood-Saxon potentials of
radii rs1.2.A1r3 and diffuseness a s0.5 Fermi. It0

describes the evolution of a wave function initially in
the target potential at rest when the projectile passes
by at a given impact parameter. Since we are dealing
with very peripheral reactions in which both the

Žtarget and the projectile are very little disturbed they
.remain mostly cold after the collision , we assumed

constant wells. Fig. 5 shows the probability density
for a 2s wave function initially bound in the target
potential by 8.7 MeV, when the projectile has passed
by at an impact parameter of 8 Fermi at an incident
energy of 44 MeV per nucleon. We observe that
there is a large probability that the particle remains

Ž .in the target 73% , and some probability that it is
Ž .transfered to the projectile 1.4% . But most interest-

Ž .ing is the sizeable probability 21% of particle
emission at an angle around 508 on the same side of
the beam as the projectile, qualitatively reproducing
the experimental observation. This calculation will
be more extensively discussed in a forthcoming pa-
per.

Summarizing, we have observed and character-
ized a new phenomenon in the inelastic channel of

Fig. 5. Result of the time dependent Schrodinger calculation.¨
Probability density of a 2s wavefunction initially in the target,
after the scattering of a 44 MeV per nucleon projectile at 8 Fermi
impact parameter. The two circles have the radii of the target
Ž . Ž .A s58 and the projectile A s40 Wood-Saxon wells. The
insert is the wavefunction probability density prior to the scatter-
ing.

heavy ion collisions at intermediate energies. This
process consists in the emission of a fast nucleon
leaving the residual nucleus in the GS or a low-lying
hole state. The angular characteristics of the emitted
particle, which are inconsistent with what is expected
from either the pick-up break-up or the nucleon
knock-out mechanisms, support an interpretation in
terms of an aborted transfer where the nucleon in
towed by the projectile for a very short period of
time and then emitted into the continuum. A calcula-
tion solving the time dependent Schrodinger equa-¨
tion predicts a similar emission of particles in the
same spatial region. Future experiments, with a more
complete angular coverage for light particles, should
investigate the dependence of this phenomenon on
the projectile-target combination, the incident veloc-
ity and the initial angular momentum of the emitted
particle in order to further our quantitative under-
standing of this new phenomenon.
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